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SUMMARY 
7 Pacific Northwest Laboratory conducted research t o  assess the potential 
radiological and toxicological hazard of depleted uranium aerosol release. 
Q 
This type of release might ar ise  from accidents with XM-774 ammunition 
involving great heat. 
Twelve rounds of packaged ammunition were subjected to  an external heat 
(burn) t e s t .  Examination of the s i t e  on the day following the t e s t  revealed 
that  a l l  12 depleted uranium penetrators were completely in tac t .  Oxidation 
of the penetrators was not apparent, even on the most severely burned pro- 
j e c t i l e  located a t  g round  zero. Eleven of the 12 project i les  were recovered 
with the sabots in tac t ;  some sabots appeared charred.. 
I t  was concluded tha t  no airborne release of depleted uranium had 
occurred and subsequently there had been no radiological or toxicological 
hazard from DU during t h i s  t e s t .  However, t h i s  conclusion may not apply t o  
the release of depleted uranium in other types of f i r e s  involving t h i s  
ammunition because other factors  may af fec t  the f i r e .  These factors  include 
type of fue l ,  number of ammunition rounds, and type of s t ructure housing the 
ammunition. 
i i i  
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FOREWORD 
This  s tudy  was conducted on t h e  recommendation o f  t h e  J o i n t  Techn ica l  
Coo rd ina t i ng  Group/Muni t i o n s  E f f e c t i v e n e s s  (JTCG/ME) Working Group on 
Depleted Uranium and was suppor ted by t h e  O f f i c e  o f  A s s i s t a n t  P r o j e c t  
Manager f o r  Tank Main Armament Development, X M I  Tank System, under Army 
P r o j e c t  No. IL663608D060. The t e c h n i c a l  mon i t o r s  were t h e  Working Group 
Chairman, Ernes t  W. B loore,  and Edward F. Wi lsey,  b o t h  o f  t he  U.S. Army 
Armament Research and Development Command's (ARADCOM) B a l l  i s t i c  Research 
Labora to ry  (BRL) . The s tudy  supplemented t h e  Hazard C l a s s i f i c a t i o n  
~ e s t ' ' )  conducted by Gary J. Gray o f  ARADCOM1s Large C a l i b e r  Weapon 
Systems Labora to ry  (LCWSL). The success o f  t h e  t e s t  and t h i s  s tudy  was 
a t t r i b u t a b l e  t o  t he  c o o r d i n a t i o n  and suppor t  e f f o r t s  o f  t h e  U.S. Department 
o f  Energy (DOE) Nevada Opera t ion  O f f i c e ,  O f f i c e  o f  Spec ia l  P r o j e c t s ;  t h e  DOE 
Nevada Test  S i t e  and Con t rac to r  personnel,  e s p e c i a l l y  L inden K e l l y ,  S i t e  
Manager; and t h e  N e l l i s  A i r  Force Base Exp los i ve  Ordinance D isposa l  (EOD) 




Th is  r e p o r t  descr ibes  work done by  P a c i f i c  Nor thwest  Labo ra to r y  
(PNL) ( a )  f o r  t h e  J o i n t  Techn ica l  Coo rd ina t i ng  Group/Muni t i o n s  
a 
E f f e c t i v e n e s s  (JTCG/ME) Working Group on DU t o  supplement t h e  burn  t e s t  and 
was conducted s imu l t aneous l y  w i t h  t he  fragment p a t t e r n  t e s t ,  t o  assess t h e  
p o t e n t i a l  f o r  a i r b o r n e  r e l e a s e  o f  dep le ted  uranium (DU) aerosol ,  and t h e  
subsequent r a d i o l o g i c a l  and t o x i c o l o g i c a l  hazard f r om XM-774 ammunit ion 
exposed t o  acc iden ts  i n v o l v i n g  extreme heat .  Each round o f  t h i s  ammunit ion 
con ta ins  a  p e n e t r a t o r  co re  o f  3.3 k g  o f  dep le ted  uranium, which i s  
c l a s s i f i e d  as a  r a d i o a c t i v e  source m a t e r i a l  and a  t o x i c  heavy me ta l .  I n  
t h i s  hazard c l a s s i f i c a t i o n  t e s t ,  12 boxed rounds o f  ammunition, packaged i n  
conven t iona l  sh ipp ing / s to rage  con ta ine rs ,  were burned i n  a  wood b o n f i r e  a t  
Frenchman F l a t  ( w i t h i n  t h e  DOE/Nevada Test  S i t e )  on October 17-20, 1977. 
OBJECTIVE 
The o b j e c t i v e  of t h i s  e f f o r t  was t o  assess t h e  r a d i o l o g i c a l  and 
t o x i c o l o g i c a l  s i g n i f i c a n c e  o f  t h e  p o t e n t i  a1 a i r b o r n e  r e l e a s e  o f  dep le ted  
uranium aeroso l  from XM-774 ammunit ion d u r i n g  an e x t e r n a l  hea t  ( bu rn )  t e s t .  
Each round o f  t h i s  ammunit ion c o n t a i n s  a  uranium based a l l o y  p e n e t r a t o r  
whose compos i t ion  i s  uranium-0.75 w/o t i t a n i u m .  
The procedures f o r  e s t a b l i s h i n g  and conduc t ing  an e x t e r n a l  heat  t e s t  
a re  descr ibed  i n  TB-700-2. ( * )  The t e s t  i s  one o f  a  s e r i e s  designed t o  
determine t h e  a p p r o p r i a t e  hazard c l a s s i f i c a t i o n  o f  ammunit ion s to rage  and 
hand l ing .  The o b j e c t i v e  o f  t h e  s tandard  burn  t e s t  i s  t o  determine t h e  
p a t t e r n  o f  f ragments r e s u l t i n g  f r om t h e  ammunit ion " cook ing -o f f "  d u r i n g  t h e  
f i r e  and w i t h i n  a  5 0 0 - f t  r a d i u s  o f  t h e  f i r e .  Th is  s tandard t e s t  i s  n o t  
designed t o  assess t h e  r e l e a s e  o f  DU t o  t h e  atmosphere. 
* 
BACKGROUND 
There was no p rev ious  exper ience i n  t h e  b u r n i n g  o r  f r agmen ta t i on  o f  
a 
XM-774 ammunition. P repa ra t i ons  were made assuming t h a t  t h e  DU p e n e t r a t o r s  
( a )  PNL i s  operated by B a t t e l l e  Memorial I n s t i t u t e .  
would fragment and burn, and that  an aerosol would be released during the 
t e s t .  Work was done before the t e s t  t o  determine procedures to account for 
the uranium found on the ground and, by mass differences, t o  estimate the 
airborne release of DU. These procedures are explained more f u l l y  in the 
section on Test Preparations. • 
The conventional method of measuring the release of a substance to  the 
atmosphere normally would require an extensive a i r  sampling network 
consisting of several towers and several hundred samplers in a predetermined 
downwind array, from which measurements would be taken during several 
release periods. However, because the radiological and toxicological 
assessment was not t o  in te r fere  with the standard burn t e s t ,  the time 
available for preparation was limited, and only one bonfire was t o  be 
conducted, an al ternat ive approach was formulated. This approach required 
careful collection of a l l  readily v is ib le  depleted uranium fragments a f te r  
the t e s t  and a determination, by mass balance, of the amount of DU released 
as an aerosol. 
I t  was anticipated that  the majority of the D U  fragments could be 
visually ident i f ied and recovered. The difference between the to ta l  weight 
of the twelve penetrators and the total  weight of the fragments would give 
the mass of DU unaccounted f o r ,  and t h i s  difference would be assumed t o  
be the maximum airborne release of DU from the t e s t .  If the mass difference 
unaccounted fo r  was greater than approximately 30% of the original mass of 
D U ,  an additional search for  D U  would be conducted. This second search 
would be performed using ei ther  a standard Geiger-Mueller ( G M ) ( ~ )  counter 
or r i e l d  - Instrument for - Detection of - Low - Energy - Radiation ( F I D L E R ) ( ~ )  t o  
locate DU fragments. Three two-man teams composed of engineers from PNL and 
personnel from Reynolds Electrical and Engineering Company, Inc. ( R E E C O )  a t  
the Nevada Test S i te  would conduct t h i s  second DU recovery operation. 
To prepare for  t h i s  part of the task, PNL personnel spent time in the 
f i e l d  evaluating techniques for  using these instruments to  detect small 
( a )  Eberline E-140 C o u n t  Meter with Microwindow GM Probe. 
( b )  Eberline SAM-2 with RO-21  Stabilized Scint i la t ion Detector. 
amounts o f  DU. It was demonstrated t h a t  t h e  GM coun te r  was t h e  b e s t  
i ns t r umen t  f o r  d e t e c t i n g  DU q u a n t i t i e s  as sma l l  as 1  g  (abou t  1 /4  i n .  i n  
w 
d iamete r )  f r o m  about 2 i n .  above t h e  sample. The FIDLER was found  t o  be 
more s e n s i t i v e  f o r  sma l l  samples ( 4 0  g )  which were s l i g h t l y  b u r i e d  i n  t h e  
sand. Both i ns t r umen ts  c o u l d  d e t e c t  an unbur ied  1  g  sample o f  DU; however, 
t h e  GM was found  t o  be more conven ien t  t o  use due t o  i t s  l i g h t e r  we igh t .  
The accuracy o f  t h i s  method t o  e s t i m a t e  ae roso l  r e l e a s e  was determined 
t o  be no b e t t e r  t han  20% t o  30%, un less  most o f  t h e  p r o j e c t i l e s  c o u l d  be 
recovered  i n t a c t .  Only  one t e s t  was scheduled and t h i s  t e s t  was t o  i n c l u d e  
12 rounds o f  ammunit ion. Data f r om  t h i s  t e s t  were a l s o  t o  be used t o  
e s t i m a t e  r e l e a s e  o f  a i r b o r n e  DU f r om much l a r g e r  q u a n t i t i e s  o f  ammunit ion. 
A f t e r  comput ing t h e  f r a c t i o n  o f  DU unaccounted f o r ,  which was assumed 
t o  be a i r bo rne ,  t h e  a i r b o r n e  c o n c e n t r a t i o n  downwind and i n t e g r a t e d  dose t o  
an i n d i v i d u a l  a t  a  s e l e c t e d  d i s t a n c e  downwind would be c a l c u l a t e d .  From a  
r a d i o l o g i c a l  s tandpo in t ,  i t  i s  known t h a t  a  r e l a t i v e l y  l a r g e  amount o f  
dep le ted  uranium can become a i r b o r n e  w i t h o u t  exceeding t h e  maximum a l l o w a b l e  
exposure t o  humans some d i s t a n c e  downwind. From a  chemical  t o x i c i t y  
s t andpo in t ,  t h e  maximum a l l o w a b l e  r e l e a s e  o f  DU t h a t  w i l l  n o t  exceed t h e  
t h r e s h o l d  1  i m i t  va l ue  (TLV) i s  c a l c u l a t e d  accord ing  t o  c o r r e l a t i o n s  
a v a i l a b l e  f o r  chemica l  sources re l eased  t o  t h e  atmosphere. 
TEST PREPARATIONS 
An area w i t h i n  t h e  Nevada Test S i t e  was chosen f o r  t h e  burn  t e s t  based 
upon t h e  f o l l o w i n g  c r i t e r i a :  1) t h e  s i t e  was r e l a t i v e l y  f r e e  o f  v e g e t a t i o n  
and d e b r i s  w i t h i n  a  r a d i u s  o f  500 f t  from t h e  burn  cen te r ,  2) t h e  area was 
f l a t ,  3 )  t h e  r a d i a t i o n  background l e v e l  i n  t h e  area was low and un i fo rm,  and 
4)  t h e r e  was a  s h e l t e r  nearby f o r  weigh ing t h e  t e s t  specimens and obse rv i ng  
t h e  t e s t .  The s i t e  chosen, Frenchman F l a t ,  i s  a  d r y  l a k e  bed about 10 m i l e s  
n o r t h  o f  Mercury, Nevada ( F i g u r e  1 ) .  
A  g r i d  p a t t e r n  was p l o t t e d  w i t h  w h i t e  cha l k  l i n k  t o  l o c a t e  f ragments 
thrown ou t  by t h e  exp lod ing  mounds i n  t h e  f i r e .  Th is  p a t t e r n  had r a d i a l  
l i n e s  30 degrees a p a r t  which extended 500 f t  f rom t h e  c e n t e r  o f  t h e  
p a t t e r n .  Each r a d i a l  l i n e  was marked w i t h  cha l k  a t  20 - f t  i n t e r v a l s  f rom t h e  
cen te r  t o  100 f t  and a t  1 0 0 - f t  i n t e r v a l s  f r om 100 f t  t o  500 ft. 
C i r c u m f e r e n t i a l  l i n e s  were p l o t t e d  connec t ing  a l l  r a d i a l  d i s t a n c e  marks o u t  
t o  200 ft. The r a d i a l  d i s t ances  and angles were marked w i t h  b l a c k  spray  
p a i n t .  The c l o s e - i n  p o r t i o n  o f  t h e  p a t t e r n  i s  shown i n  F i g u r e  2. 
REECO personne l  per formed a  r a d i a t i o n  survey o f  t h e  burn  area t o  assess 
background read ings  i n  t h e  area. The background read ings  were measured w i t h  
b o t h  a  GM coun te r  and a  FIDLER. Background read ing  on t h e  FIDLER was low 
and uni form,  between 300 t o  400 counts/min. It was determined t h a t  
i n t e r f e r e n c e  f r om t h e  background would no t  be a  problem i f  i t  became 
necessary t o  survey  t h e  area t o  l o c a t e  DU fragments.  A s i n g l e  h i g h  volume 
a i r  sampler was s e t  a t  t h e  1 0 0 - f t  mark a t  270°, t h e  a n t i c i p a t e d  downwind 
d i r e c t i o n ,  t o  c o l l e c t  a  sample f o r  use by t h e  r a d i o l o g i c a l  s a f e t y  personne l  
a t  t he  t e s t  s i t e .  A  t r a i l e r  l o c a t e d  near t h e  burn  s i t e  was t o  be used f o r  
t h e  f i e l d  we igh ing  work. 
FIGURE 1. A e r i a l  Photograph o f  B u r n  Test  S i t e  
FIGURE 2. A e r i a l  Photograph o f  F i r s t  100 f t  o f  G r i d  f o r  t h e  Burn Tes t  
TEST DESCRIPTION 
Twelve rounds o f  ammunition were stacked and strapped t o  an open meta l  
" t ab le "  a t  the  center  o f  the g r i d .  Each round was encased i n  a  c y l i n d r i c a l ,  
impregnated, f i b e r - r e i n f o r c e d  cardboard conta iner  w i t h  p l a s t i c  packaging . i n s e r t s  and metal  cap ends. Two conta iners  w i t h  the  rounds pos i t i oned  i n  
opposi te  d i r e c t i o n s  were p laced i n  a  standard sh ipp ing  conta iner  f o r  105 mm 
ammunition, a  rec tangu la r  wooden box w i t h  a  hinged l i d .  The s i x  boxes were 
o r i en ted  east-west along the  90'-270' 1  ines  o f  t he  g r i d .  Wood was 
stacked under, around, and on top o f  the  boxes and soaked w i t h  50 ga l l ons  o f  
d i e s e l  f u e l .  F igure 3 shows the  boxes and the wood be fore  the  f i r e  was 
i g n i t e d .  An A i r  Force Explos ive Ordinance Demol i t ion (EOD) team s e t  a  t ime 
detonator fuse  i n  the p i l e  t o  i n i t i a t e  burning. The ac tua l  burn s t a r t e d  a t  
1615 hours on October 18, 1977. 
FIGURE 3. Ammunition and Wood P r i o r  t o  Burning--Fuel Being Added 
The f u e l  and wood burned f o r  approx imate ly  17 minutes b e f o r e  t h e  f i r s t  
round exploded. I n  10 minutes, f rom about 1632 t o  1642 hours, n i n e  more 
exp los ions  occurred. Burn ing of pink-orange t r a c e r s  was noted on seve ra l  
occasions. F i gu re  4 shows t h e  f i r e  and one o f  t h e  explos ions.  The f i r e  
ex t i ngu i shed  i t s e l f  s h o r t l y  a f t e r  t h e  l a s t  exp los ion.  No one was a l lowed t o  . 
en te r  t h e  area u n t i l  t h e  nex t  day. Dur ing t h e  f i r e ,  complete pho tograph ic  
coverage was p rov ided  by two v ideo tape u n i t s  a t  500 f t  and 1000 ft, a movie 
camera a t  1000 ft, s t i l l  p i c t u r e s  a t  1000 ft, and s t i l l  a e r i a l  photography 
f rom a h e l i c o p t e r .  
FIGURE 4. F i r e  and Explos ion Dur ing Burn Test 
RESULTS 
The test site was entered and inspected on the morning of October 19, 
1977 by the Air Force EOD team and was declared safe to enter. The area was 
littered with debris of all kinds, including shell casings, container 
sections, and a large number of propellent pellets. All 12 projectiles with 
their DU penetrators were located within the 500-ft grid and were completely 
intact. No penetrator had fragmented during the test. 
Locations of the projectiles were identified first by painting a circle 
around them with fluorescent orange paint, and then by noting their exact 
location on the grid. Each projectile was then photographed. Figure 5 is a 
schematic of the grid with the location of each projectile noted by the 
radial distance in feet from ground zero and labeled with a letter 
designation. Figure 6 is an aerial photograph of the burn site showing the 
12 projectiles circled with orange paint and labeled with letters 
corresponding to Figure 5. 
FIGURE 5. Schematic of Test Grid Indicating Position and Distances 
from Ground Zero of Projectiles After Surn Test 
FIGURE 6. A e r i a l  Photograph o f  Burn S i t e  Not ing  
t h e  Loca t ion  o f  Each P r o j e c t i l e  
F igu re  7 i s  a  composite o f  t h e  12 p r o j e c t i l e s  as t hey  were found a t  t h e  
burn s i t e .  They are g i ven  l e t t e r  des igna t ions  accord ing t o  t h e  r a d i a l  
d i s t ance  a t  which t h e y  were found f rom the  cen te r  o f  t he  t e s t  (ground zero ) ;  
p r o j e c t i l e  A i s  t h e  c l o s e s t  ( 0  f t )  and p r o j e c t i l e  L  t h e  f a r t h e s t  away 
(347 f t ) .  As shown i n  F igu re  6, no two p r o j e c t i l e s  were found a t  e x a c t l y  
t h e  same d i s tance  f r om ground zero. A b r i e f  phys i ca l  d e s c r i p t i o n  o f  each 
f o l l o w s .  

PENETRATOR A 0 FEET PENETRATOR D 73 FEET 
PENETRATOR B 30.5 FEET PENETRATOR E 83 FEET 
PENETRATOR C 46 FEET PENETRATOR F 90 FEET 
FIGURE 7. Composite Photograph o f  t h e  Twel ve P e n e t r a t o r s  as D i s c o v e r e d  
A f t e r  Burn  T e s t  

P e n e t r a t o r  A. Pene t ra to r  A was found a t  ground zero  (O f t )  underneath 
t h e  meta l  t a b l e  w i t h  t h e  sabot  comp le te l y  i n t a c t  b u t  w i t h  t h e  t a i l  f i n  . 
comp le te l y  me l t ed  away. Only  t h e  base o f  t he  f i n  remained. Th i s  
p e n e t r a t o r  was p robab l y  sub jec ted  t o  t h e  g r e a t e s t  hea t  f o r  t h e  l onges t  
p e r i o d  o f  t ime.  White powder was d iscovered  a t  t h e  base o f  t h e  
p r o  j e c t i  1  e. The powder appeared t o  be o x i d i z e d  sea l  ant .  
Pene t ra to r  B. Pene t ra to r  B was found a t  30.5 f t  and was s t i l l  p a r t  o f  
a  complete round which had n o t  exploded. P a r t  o f  t he  f i b e r  c o n t a i n e r  
was a t tached t o  t h e  round. Because t h e  o r i g i n a l  orange p a i n t  on t h e  
sabot was s t i l l  v i s i b l e ,  i t  was concluded t h a t  t h e  p r o j e c t i l e  had n o t  
been sub jec ted  t o  much heat.  
P e n e t r a t o r  C. Th is  p e n e t r a t o r  was found a t  46 f t  and was p a r t  o f  a  
complete p r o j e c t i l e  which was p a r t i a l l y  enc losed i n  a  f i b e r  c o n t a i n e r .  
Only  t he  t a i l  f i n  o f  the  p r o j e c t i l e  was exposed. It appears t h a t  t h e  
c o n t a i n e r  had been s l i g h t l y  charred.  
P e n e t r a t o r  D. Pene t ra to r  D was found a t  73 f t and was s t i l l  p a r t  o f  
t h e  complete p r o j e c t i l e .  Th is  p r o j e c t i l e  was p a r t i a l l y  encased i n  t h e  
f i b e r  c a n i s t e r  and d i d  n o t  appear t o  be charred.  
Pene t ra to r  E. Th is  p e n e t r a t o r  was found a t  83 f t  and was s t i l l  p a r t  o f  
t h e  complete p r o j e c t i l e .  The p r o j e c t i l e  was n o t  cha r red  and t h e  orange 
p a i n t  on t h e  sabot  cou ld  s t i l l  be seen. Pa r t  o f  a  f i b e r  c o n t a i n e r  
enc losed t he  p r o j e c t i l e .  The w i n d s h i e l d  was s l i g h t l y  bent ,  p robab l y  
due t o  impact  w i t h  t he  ground. 
P e n e t r a t o r  F. Pene t ra to r  F was found a t  90 f t  and was d e f i n i t e l y  
sub jec ted  t o  f i r e  as seen f rom t h e  d i s c o l o r a t i o n  o f  t h e  r e a r  o f  t h e  
sabot and t a i l  f i n .  Except f o r  a  me l ted  o r  m i ss i ng  p l a s t i c  compression 
r i n g ,  t h e  p r o j e c t i l e  was complete.  
Pene t ra to r  G. Th is  p e n e t r a t o r  was found a t  97 f t  and was p a r t  of a  
complete p r o j e c t i l e .  The p r o j e c t i l e  was o n l y  s l i g h t l y  burned as shown 
by t h e  d i s c o l o r a t i o n  o f  t h e  sabot and s e c t i o n  o f  f i b e r  c o n t a i n e r  
su r round ing  t h e  p r o j e c t i l e .  No o t h e r  damage was noted. 
Penetrator H. Penetrator H was found at  100 f t  as ?a r t  of a complete, 
undamaged pro jec t i le .  The orange paint on the sabot was only s l igh t ly  
discolored due t o  heat. 
Penetrator I. Penetrator I was found a t  117 f t  as a  complete, 
project i le .  The sabot was s l igh t ly  discolored a t  the rear due to  f i r e  
and was beginning to separate, possibly due to  impact. The windshield 
was noticeably bent, again, l ike ly  due to  impact with the ground. 
Penetrator J. This penetrator was found at  123 f t  and was def in i te ly  
subjected to  heat, as indicated by part ia l  melting of the t a i l  f i n .  
The penetrator was s t i l l  a  part of the complete pro jec t i le  and was 
encased in part of the f iber  container. Partial  melting of the p las t ic  
inser t  was noted. The white powder present a t  the rear of the sabot 
was assumed to be oxidized sealant.  
Penetrator K .  Penetrator K was found at 181 f t  as a  complete 
project i le .  Part of the cartridge container was attached to  the 
project i le .  The paint on the sabot was s l igh t ly  charred b u t  the sabot 
was completely in tac t .  
Penetrator L. Penetrator L was th rown  the f a r thes t ,  347 f t ,  and was 
found as a  complete pro jec t i le .  The pro jec t i le  was not burned nor was 
the penetrator damaged except for a  s l ight ly  bent windshield. 
Figure 8 shows three pro jec t i les ,  each subjected t o  apparently varying 
degrees of degradation. The extremely black pro jec t i le  ( A )  a t  the f a r  r ight  
was found a t  ground zero; i t  i s  believed that  t h i s  penetrator was subjected 
t o  the most severe burn conditions. Project i le  L ,  a t  the f a r  l e f t  of was 
found at  347 f t  and was most l ikely subjected t o  the least  severe burn 
conditions b u t  was thrown the fa r thes t  distance. The middle pro jec t i le  ( I )  
shown in Figure 8 was found a t  117 f t  and suffered a  damaged windshield, 
bent t a i l  f i n ,  and s l igh t ly  separated sabot upon impact. The sabot of each 
was opened by cracking the compression ring to expose the complete pene- 
t ra tor .  Although the penetrators were subjected to different  conditions, 
a the in tegr i ty  of the depleted uranium appears to have been equally unaf- 
fected. Only the physical condition of the f ins ,  windshields, and sabots 
were affected in t h i s  t e s t ,  e i ther  by actual heat from the f i r e  or by impact 
a f te r  being thrown from the f i r e .  
Sabots I n t a c t  
Sabots L a i d  Open 
FIGURE 8. Comparison o f  Three P r o j e c t i l e s  Sub jec ted  
t o  t h e  Burn Test  
CONCLUSIONS 
The following conclusions about the atmospheric release of depleted 
uranium can be drawn from the external heat (burn) on October 17,  1977: 
a 
The video tape, movie, s t i l l  photos, and visual observation during the 
period of the burn show no yellow smoke charac ter i s t ic  of burning 
uranium. Absence of such smoke indicates that  no s ignif icant  release 
of uranium to the atmosphere occurred during the t e s t .  
All twelve penetrators were found in t ac t ,  complete, and with no 
apparent oxidation. Therefore, no depleted uranium was released to  the 
atmosphere during the burn t e s t .  
Based on the above, i t  i s  concluded that  there was no airborne 
radiological or toxicological hazard caused by burning twelve rounds of 
XM-774 ammunition in th i s  t e s t .  
The above conclusions may n o t  apply t o  the release of depleted uranium 
in other types of f i r e s  involving t h i s  ammunition because other factors  may 
affect  the f i r e .  These factors  include type of fue l ,  number of rounds, type 
of s t ructure,  e tc .  
A discussion of conditions that  could cause possible oxidation and 
release of uranium i s  presented in the Appendix. 

APPENDIX : 
O X I D A T I O N  AND I G N I T I O N  OF DEPLETED URANIUM 

APPENDIX 
OXIDATION AND IGNITION OF DEPLETED URANIUM 
Twelve rounds o f  105 mm XM-774 a n t i  tank  ammunit ion c o n t a i n i n g  dep le ted  
uranium a l l o y  p e n e t r a t o r s  were sub jec ted  t o  a  burn  t e s t  a t  Frenchman F l a t  a t  
t h e  Nevada Test  S i t e  on October 18, 1977. Ten o f  t h e  12 p r o j e c t i l e s  were 
recovered f o l l o w i n g  t h e  t e s t  as complete p r o j e c t i l e s  (sabots,  p e n e t r a t o r s  
t a i l  f i n s  and w indsh ie l ds  i n t a c t  and complete) .  As shown i n  F i g u r e  7  o f  
t h i s  r e p o r t ,  two p r o j e ~ t i l e s ~ d e s i g n a t e d  A  and J ,exh ib i t ed  some degree o f  
burn damage,but t h e r e  was no i n d i c a t i o n  o f  unusual o x i d a t i o n  o r  i g n i t i o n  o f  
e i t h e r  p e n e t r a t o r .  M e l t i n g  o f  a  s i n g l e  f i n  i n  t h e  aluminum t a i l  assembly 
was observed i n  p r o j e c t i l e  J  ( F i g u r e  7 ) ,  which was recovered 123 f t  f rom 
ground zero. No c h a r r i n g  o f  t h e  p l a s t i c  compression r i n g  o r  m e l t i n g  o f  t h e  
aluminum w i n d s h i e l d  was noted. A  second u n i t  (A  i n  F i g u r e  7 ) ,  recovered  a t  
ground zero  under t h e  t e s t  stand, e x h i b i t e d  c h a r r i n g  o f  t h e  p l a s t i c  
compression r i n g  and complete l o s s  o f  t he  aluminum t a i l  assembly. The 
aluminum w i n d s h i e l d  remained i n t a c t ,  however. 
Some l i s t e d  m e l t i n g  p o i n t s  o f  aluminum and aluminum a l l o y s  range f rom 
480' t o  650' c . ( ~ )  It appears t h a t  p o r t i o n s  o f  t he  two p e n e t r a t o r s  o f  
u n i t s  A  and J  were sub jec ted  t o  temperatures i n  t h i s  range d u r i n g  some 
p e r i o d  o f  t he  t e s t .  F o l l o w i n g  t h e  t e s t ,  t h e  compression r i n g s  were removed 
f rom t h e  sabot  o f  A and two o the r  u n i t s  t h a t  showed l i t t l e  e x t e r n a l  f i r e  
damage, I and L. Appearances o f  a l l  t h r e e  p e n e t r a t o r s  were s i m i l a r  
( F i g u r e  8 ) ,  i n d i c a t i n g  t h e  c o n d i t i o n s  imposed by t h e  burn  t e s t  d i d  n o t  
r e s u l t  i n  observab le  a d d i t i o n a l  o x i d a t i o n .  
The o x i d a t i o n  o f  uranium i n  a i r  i s  by d i f f u s i o n  o f  oxygen i ons  through 
t h e  ox ide  f i l m . ( 4 )  The r e a c t i o n  i s  e ~ o t h e r r n i c . ' ~ )  The r a t e  can be 
c o n t r o l l e d  by t h e  k i n e t i c s  o f  t h e  r e a c t i o n  o r  t h e  d i f f u s i o n  o f  oxygen, . , -, 
depending on t h e  c h a r a c t e r i s t i c s  o f  t he  ox ide  f i l m  and temperature.  ( 5 )  
Ox ida t i on  r a t e s  f o r  v a r i o u s  temperature regimes have been repo r ted .  (6,798) . 
Baker and ~ i n ~ l e ( ~ )  p resen t  t h r e e  equat ions  f o r  t he  o x i d a t i o n  o f  
6-quenched u r a n i  urn: 
300 < T  < 450 5  w o o 8  = 1.0 x  10 t [exp - (16,80O/RT)] 
T  = 450 W = 0.840t 
where 
T  = temperature,  O C  
W = q u a n t i t y  o f  oxygen consumed, mg/cm 2 
t = t ime,  m inu tes  
R = u n i v e r s a l  gas cons tan t  
The r e a c t i o n  a c c e l e r a t e s  s l i g h t l y  between 300' and 450' C and 
dece le ra tes  s l i g h t l y  above 450' C. " A l l o y i n g  a d d i t i o n s  have a  
p ro found  e f f e c t  on t h e  o x i d a t i o n  and i g n i t i o n  o f  ~ r a n i u m . " ' ~ )  The 
presence o f  a  few atom pe rcen t  o f  t i t a n i u m  r e s u l t s  i n  an i nc reased  r e a c t i o n  
r a t e  around 500' C. ( 9 )  
It has been suggested t h a t  t h e  i g n i t i o n  o f  uranium meta l  r e s u l t s  s i m p l y  
f r om  t h e  accumula t ion  o f  hea t  generated by o x i d a t i o n .  I g n i t i o n  i s  
de f i ned  as when " t h e  s l ope  o f  t h e  tempera tu re - t ime cu rve  o f  a  s e l f - h e a t i n g  
specimen becomes n e a r l y  v e r t i c a l  and s u b s t a n t i a l  i n c rease  i n  tempera tu re  
occurs .  u ( 4 )  The i g n i t i o n  tempera tu re  o f t e n  i s  determined expe r imen ta l  l y  
by t h e  " i n t e r s e c t i o n  p o i n t  between l i n e a r  ex tens ions  o f  t h e  p r e - i g n i t i o n  
h e a t i n g  r a t e  and t h e  p o s t - i g n i t i o n  s e l f - h e a t i n g  r a t e  taken  Prom t h e  
tempera tu re - t ime record .  "(') The tempera tu re  i s  t h a t  o f  t h e  me ta l  mass 
and depends upon a  ba lance  o f  hea t  l o s s  and ga in .  F i g u r e  A-1 p l o t s  t h e  
c a l c u l a t e d  hea t  l o s s  o r  gene ra t i on  r a t e  o f  uranium versus temperature.  The 
e x t e r n a l  tempera tu re  a t  which i g n i t i o n  occurs  depends upon a  v a r i e t y  o f  
f a c t o r s .  
I g n i t i o n  temperatures v a r y  w i t h  s p e c i f i c  area-- the sma l l e r  t h e  
sur face- to-mass r a t i o ,  t h e  h i g h e r  t h e  i g n i t i o n  temperature.  F i g u r e  A-2 
shows t h i s  r e 1  a t i o n s h i p  f o r  uranium. The DU p e n e t r a t o r s  a re  c y l  i n d e r s  
app rox ima te l y  2.5 cm i n  d iamete r  by  35 cm long, w i t h  a  mass o f  3.3 kg. 
Threads a re  machined i n t o  t h e  s u r f a c e  f o r  a t t a c h i n g  t h e  sabot  and t a i l  
assembly. The sur face- to-mass r a t i o  i s  es t ima ted  t o  be i n  t h e  0.1 t o  0.2 
2  cm /g range, which i s  lower  than  any va lues  p l o t t e d  i n  F i g u r e  A-2. Th i s  
i n d i c a t e s  an i g n i t i o n  tempera tu re  i n  excess o f  700' C. The presence o f  an 
a l l o y i n g  m a t e r i a l  such as t i t a n i u m  c o u l d  reduce t h e  i g n i t i o n  tempera tu re .  
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FIGURE A-1 .  Effect of Temperature on Heat 
Loss or Heat Generation ~ a t e s ( ~ )  
S P E C I F I C  A R E A ,  s q  c m / g  
FIGURE A-2. Dependence of Ur nium Ignition 
on Specific Area ?B 1 
The appearance o f  t he  p r o j e c t i l e s  f o l l o w i n g  t h e  burn  t e s t  i n d i c a t e s  
t h a t  t e s t  c o n d i t i o n s  may n o t  have been s u f f i c i e n t l y  r i g o r o u s  t o  assess t h e  
p o t e n t i a l  f o r  a i r b o r n e  r e l e a s e  o f  uran ium f r om p e n e t r a t o r s  when s u b j e c t e d  t o  
h i g h  temperatures.  I n  t h e  bu rn  t e s t ,  banded boxes o f  m u n i t i o n s  were burned 
i n  t h e  open. The v i go rous  r e a c t i o n  o f  t h e  most h e a t - s e n s i t i v e  element,  t h e  
p r o p e l l a n t ,  h u r l e d  11 o f  12 p r o j e c t i l e s  o u t  o f  t h e  f i r e .  The f i r e  burned 
f o r  o n l y  about one -ha l f  hour,  b u t  t h a t  was l ong  enough t o  cause t h e  rounds 
t o  explode. 
It appears t h a t  a  f i r e  w i t h i n  an enc losure,  such as a  warehouse, 
r a i l w a y  car ,  s h i p ,  etc. ,  c o u l d  impose more severe c o n d i t i o n s  t han  those  i n  
t h e  burn  t e s t .  The enc losu re  c o u l d  p reven t  t h e  p r o j e c t i l e s  f r om  escap ing  
t h e  f i r e  zone and c o u l d  be s u f f i c i e n t l y  r i g i d  t o  cause f r a g m e n t a t i o n  o f  t h e  
p e n e t r a t o r s ,  t he reby  i n c r e a s i n g  t h e  surface-to-mass r a t i o .  The p e n e t r a t o r s ,  
then, m igh t  be s u b j e c t e d  t o  c o n d i t i o n s  t h a t  c o u l d  l e a d  t o  i g n i t i o n .  Once 
i g n i t e d ,  o x i d a t i o n  o f  uran ium i n  a i r  c o u l d  l ead  t o  meta l  tempera tu res  around 
1400° c ( ~ )  and c o u l d  be a  s t r o n g  i g n i t i o n  source. Some c o n s i d e r a t i o n  
shou ld  be g i v e n  t o  methods o f  e x t i n g u i s h i n g  f i r e s  i n v o l v i n g  b u r n i n g  
p e n e t r a t o r s .  F i g u r e  ~ - 3 ' ~ )  shows t h a t  a l l  t h e  ox i de  would u l t i m a t e l y  be 
U308 i f  heated t o  >200° C i n  a i r .  The s i z e  d i s t r i b u t i o n  o f  U308 
p a r t i c l e s  produced by h e a t i n g  U02 i n  a i r  i s  shown i n  F i g u r e  A-4. The s i z e  
d i s t r i b u t i o n  tends  t o  be more coarse  a t  temperatures above 800' C. 
It i s  recommended t h a t  exper iments  w i t h  f u l l  s i z e d  p e n e t r a t o r s  be 
conducted t o  determine i f  t h e y  can be i g n i t e d  i n  a i r  ( o r  oxygen-deple ted 
a i r )  a t  tempera tu res  t o  1.1200~ C, t h e  f l ame  tempera tu re  o f  pe t r o l eum 
f i r e s ,  w i t h  n a t u r a l  convec t ion .  If t h e  p e n e t r a t o r s  can be i g n i t e d ,  t h e  
f o l l o w i n g  q u e s t i o n s  need t o  be answered: what i s  t h e  p r o b a b i l i t y  o f  such an 
occurrence,  and what a re  t h e  c h a r a c t e r i s t i c s  o f  t h e  aeroso l  f r a c t i o n  and 
res i due ,  such as s i z e  d i s t r i b u t i o n ,  and s o l u b i l i t y  o f  ox i des  i n  body f l u i d s ?  
Th i s  i n f o r m a t i o n  would p r o v i d e  a  more r e l i a b l e  e s t i m a t i o n  o f  t h e  
p o t e n t i a l  r a d i o l o g i c a l  downwind consequences o f  DU p r o j e c t i l e  i n v o l v e d  i n  
f i r e s .  
FIGURE A-3. Percentage o f  U3O8 Formed 
by O x i d i z i n g  Uranium i n  ~ i r ( ~ )  
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FIGURE A-4. S i z e  D i s t r i b u t i o n  o f  U3O8 Powder by t h e  A i r  Ox i  a t i o n  
o f  a S i n t e r e d  U02 Pe l  l e t  a t  5000 C f o r  One Hour f 10 
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